Introduction
Osteoarthritis (OA) is a complex, multifactorial, age-dependent degenerative disease of the synovial joints. It affects the knee and the hip most commonly, and females at a higher rate than males, particularly after the menopause [1] . OA is characterized by changes to all components of the joint, with degeneration and loss of articular cartilage and changes to the subchondral bone being constant factors in disease progres-AMF = Adelaide Microarray facility; BMP = bone morphogenic protein; C T = cycle threshold; IL = interleukin; IT = intertrochanteric; LEF = lymphoid enhancer factor; LIMMA = linear models for microarray analysis; MMP = matrix metalloproteinase; OA = osteoarthritis; OP = osteoporosis; PCR = polymerase chain reaction; RUNX = runt-related transcription factor; SD = standard deviation; TCF = T-cell factor; TGF = transforming growth factor; WNT = wingless MMTV integration.
sion [2] . Along with the breakdown of the cartilage and joint space narrowing, there is thickening and sclerosis of subchondral bone, development of cysts and bony overgrowth at the margins of the joint. Despite an increase in bone volume fraction, the subchondral bone is mechanically weaker in OA because of hypomineralization, increased collagen metabolism and altered bone remodelling [3, 4] . Evidence from animal models of OA suggests that the changes in the density and metabolism of subchondral bone develop concomitantly with the signs of cartilage damage [5] [6] [7] . In addition, there is now evidence in animal OA models that antiresorptive agents, which inhibit subchondral bone remodelling, also prevent the bone changes and loss of cartilage seen in OA, thus reducing joint damage [8, 9] . A human trial of an antiresorptive agent also showed clear trends toward improvement in both joint structure and symptoms in patients with primary knee OA [10] . These findings are consistent with the hypothesis that OA is a bone disease, rather than -or in addition to -a cartilage disease, and that the structural and compositional changes seen in OA subchondral bone, brought about by altered bone remodelling, contribute to the breakdown of the articular cartilage at the joint [11] [12] [13] [14] .
There is also evidence that the osteoblasts in subchondral bone can influence chondrocyte and cartilage metabolism more directly, leading to abnormal remodelling of OA cartilage [15, 16] . In articular joints there is a complex juxtaposition of vascular elements, subchondral bone and the different cartilage layers, with important communication between these tissues [17] . These observations point to a clear interplay between bone and cartilage at articular joints and show that these tissues represent a functional cellular and molecular unit [18] . Altered angiogenesis could also be contributing to the changes seen in OA bone and cartilage, because important inter-relationships between bone remodelling, chondrogenic and angiogenic processes are now emerging [19] [20] [21] .
In addition to the changes observed in subchondral bone, there is growing evidence for generalized involvement of bone in the pathogenesis of OA. Studies investigating bone at sites distal to the joint cartilage degeneration, such as the intertrochanteric (IT) and medial principal compressive regions of the proximal femur, and the iliac crest, have yielded evidence of altered bone composition and increased bone volume in OA compared with control individuals [22] [23] [24] [25] . It has been proposed that these structural and compositional changes reflect systemic differences in OA bone remodelling compared with control bone, and when these changes operate in subchondral bone they can contribute to the breakdown of the articular cartilage and eventual failure of the joint [11] [12] [13] [14] . Furthermore, an inverse association between OA and the low bone density disease osteoporosis (OP) has been observed. OA patients rarely proceed to osteoporotic fracture, suggesting that OA has a protective effect on progression of OP. Conversely, OA is reported to be rare in OP individuals [26] .
The structural and compositional changes seen in OA bone are likely to have considerable genetic input because there is a significant heritable component to OA, as judged by genetic studies [27] . Interestingly, many of the candidate susceptibility genes for OA identified by genetic screening approaches have bone-related functions, further suggesting the involvement of bone in OA. Primary OA candidate genes identified, with bone-related functions, include COL1A1, VDR, ESR1, IGF1, SFRP3, BMP5 and TGFB1 [27] [28] [29] [30] . SFRP3 encodes a decoy receptor for WNT (wingless MMTV integration) ligands and plays a role in osteoblast differentiation [31] . The WNT signalling pathway is a major developmental pathway that is involved in cell fate, differentiation and proliferation. This signalling pathway has also been linked to skeletal development and bone pathologies such as OP [32] . The identification of TGFB1 and BMP5, a member of the transforming growth factor (TGF)-β superfamily, as OA susceptibility loci has implicated the TGF-β/BMP signalling pathway in OA pathogenesis. The TGF-β/BMP signalling pathway plays important roles in development, cell proliferation and differentiation, and it has also been shown to influence bone mass and bone remodelling [33, 34] .
Complementing the human genetic studies described above, and in support of altered bone remodelling at sites distal to the active subchondral disease site, we previously identified differences in the expression of known skeletally active genes in human trabecular bone obtained from the IT region from individuals with hip OA, as compared with bone from the same site in control individuals. Genes identified as differentially expressed include downregulated osteoclastogenic factor genes (RANKL, RANK, IL6 and IL11) and upregulated bone formation marker genes (ALPL, BGLAP, SPP1 and COL1A2) [35] [36] [37] . Others have identified in OA individuals altered levels of insulin-like growth factor-1, insulin-like growth factor-2 and TGF-β 1 in cortical bone from the iliac crest [38] ; matrix metalloproteinase (MMP)2 and liver alkaline phosphatase in subchondral bone [4] ; and IL-1β, IL-6 and TGF-β 1 in human primary subchondral osteoblasts [39] .
In the present study, we used microarray analysis to survey comprehensively the expression levels of many thousands of genes simultaneously in trabecular bone from the IT region of the proximal femur and to compare gene expression in bone from OA, control and OP individuals. We identified altered expression of WNT and TGF-β/BMP signalling pathway and target genes in OA bone. The genes include those with known or suspected roles in osteoblast, osteocyte and osteoclast differentiation and function, supporting a role for altered bone remodelling in OA pathogenesis. The surgical and autopsy femoral heads were graded for OA according to the criteria of Collins [40] . Primary OA femoral heads were either grade III or IV, and the graded autopsy femoral heads were not worse than grade II and predominantly were grade I. Surgical IT trabecular bone specimens from OA and OP individuals were collected within 12 to 24 hours (stored at 4°C in sterile RNase-free phosphate-buffered saline). Control bone was collected within 24 to 72 hours after death.
Materials and methods

Human bone samples
Trabecular bone in the IT region of the proximal femur, including the marrow, was sampled, permitting analysis of the total contribution of the bone microenvironment. The IT region was also chosen because the trabecular structure in this region depends on stresses in the proximal femoral shaft, while being unaffected by the secondary sclerotic and cystic changes that are often seen in the OA femoral head as the destruction of the cartilage proceeds. By comparing the OA and OP samples with control samples, the contribution to changes in gene expression associated with surgery as opposed to autopsy could be assessed.
RNA extraction
For total RNA extraction, the trabecular bone samples were rinsed briefly in diethylpyrocarbonate-treated water and then separated into small fragments, containing bone and bone marrow, using bone cutters. Total RNA was extracted as described previously [35, 41] . Briefly, bone fragments were placed in 4 mol/l guanidinium thiocyanate solution and homogenized using an Ultra-Turrax (TP 18-10; Janke & Kunkel, IKA-WERK, Staufen, Germany), and the mixture was clarified by centrifugation (1,000 × g for 5 min). After addition of 0.1 vol of 2 mol/l sodium acetate (pH 4.0), the mixture was vortexed and the RNA extracted with 1 vol of phenol and 0.2 vol of chloroform/isoamylalcohol (49:1). Total RNA was precipitated with isopropanol, resuspended in 1 × 10 mmol/l Tris-HCl/1 mmol/ l EDTA containing 0.1 vol of 3 mol/l sodium acetate (pH 5.2) and then re-extracted with 0.5 vol phenol, followed by 0.5 vol chloroform/isoamylalcohol. The RNA was then precipitated with 3 vol of 4 mol/l sodium acetate (pH 7.0), to remove contaminating proteoglycans, at -20°C overnight. Total RNA was recovered by centrifugation, washed with 75% ethanol, air dried, dissolved in diethylpyrocarbonate-treated water, and stored at -80°C until further use. RNA concentration and purity (260/280 absorbance ratio) were determined by spectrophotometry. RNA integrity was confirmed by visualization on ethidium bromide stained 1% weight/vol agarose-formaldehyde gels.
Microarray
RNA was further purified using RNeasy columns (Qiagen, Hilden, Germany), in accordance with the manufacturer's instructions. RNA (5 μg) was amplified using a Message Amp II kit (Ambion, Austin, TX, USA) with indirect, amino allyl mediated incorporation of either Cy3 or Cy5 dyes (Amersham Biosciences, Piscataway, NJ, USA), in accordance with the manufacturer's instructions. A Compugen Human 19K-oligo library (Jamesburg, NJ, USA) spotted onto Corning glass slides (Lowell, MA, USA) by the Adelaide Microarray facility (AMF) was used in this study. The Compugen human oligo library consisted of 17,260 oligonucleotide 65-mers each representing a single human gene. The slides were interrogated by competitive hybridization with 5 μg each of Cy3 and Cy5 labelled pairs of OA-control, OA-OP, or OP-control amplified RNA samples. The sample pairs used in the microarray analysis are listed in Table 1 . Sample pairs were age-matched as closely as possible.
A biological dye-swap strategy was employed rather than a replicate dye swap strategy. This involved swapping of Cy3 and Cy5 labelling of the samples in each pair for each group of paired samples to balance for potential dye incorporation and signal intensity bias. It also reduced the number of slides required for the experiment and maximized the statistical power of the experiment with regard to analyzing the biological differences between samples.
Hybridization and washing of slides was carried out according to methods described on the AMF website [42] . The microarray slides were scanned twice at slightly different PMT voltage using a GenePix 4000B Scanner driven by GenePix Pro 4.0 (Axon Instruments, Foster City, CA, USA). All analyses were performed using the statistical programming and graphics environment R [43] . The 'SPOT' software package [44] was used to identify spots using the adaptive segmentation method and subtract backgrounds utilizing the morphological opening approach [45, 46] . Data analysis was performed in R using Bioconductor [47] . The Loess print tip method was used to correct for dye bias and intensity within each group of adjacent spots printed by one pin [48] . Linear modelling was performed using the linear models for microarray analysis (LIMMA) package of Bioconductor [49] . Differentially expressed genes were ranked on moderated t statistics, and those with t scores above 3 were followed up further. The cycles. This set of cycles was followed by an additional extension step at 72°C for 5 minutes. All PCR reactions were validated by the presence of a single peak in the melt curve analysis, and amplification of a single specific product was fur- Table 2 GenBank accession numbers and primer sequences Gene/primer (GenBank accession number) Forward Reverse ther confirmed by electrophoresis on a 2.5% weight/vol agarose gel. Primers were designed for each gene that primed in separate exons and spanned at least one intron to avoid contaminating amplification from genomic DNA. Primers were obtained from Geneworks. Amplicons were designed to be in the 100 to 200 base pairs size range. GenBank accession numbers for gene sequences and primer sequences are provided in Table 2 . Real-time PCR validation was carried out using the 2 -ΔΔCT method [51] . Reactions were performed in duplicate. Normalized gene expression values for each gene based on cycle threshold (C T ) values for each of the genes and the housekeeping gene GAPDH were generated. Mean ± standard deviation (SD) values were generated from eight samples from each group of either OA or control samples tested.
Statistical analysis
The statistical significance of the differences between the means of the OA and control or OP gene expression values was determined using Student's t-test. The critical value for significance was chosen as P < 0.05.
Results
Microarray analysis of OA, control and OP bone samples
This study used Compugen human 19K-oligo human microarray slides to compare the gene expression profiles of OA, control and OP bone samples, with the aim being to identify altered gene expression in OA bone. Microarray analysis was conducted in four sets of samples (39 comparisons in total), comprising 10 OA-control female sample pairs, 10 OA-control male sample pairs, 10 OA-OP female sample pairs and 9 OPcontrol female sample pairs. Samples from individuals with a range of ages were analyzed in each group, but with sample pairs age-matched as closely as possible (Table 1) . Bayesian statistical analysis was carried out using LIMMA to identify statistically significant differentially expressed genes between OA, control and OP bone. Log odds score versus log 2 fold change volcano plots of differentially expressed genes from each of the four groups of sample pair comparisons are shown in Figure 1 . The log odds (or B statistic) score is the log odds that that gene is differentially expressed. The log 2 fold change represents the fold change in expression of the gene. Small levels of differential expression (ranging from 0.38-fold to 2.83-fold change in expression) were detected, with several hundred differentially expressed genes present in each grouping, with t scores above 6. The moderated t-statistic score is based on the ratio of the log 2 fold change to its standard error.
Identification and functional classification of topranking differentially expressed genes in OA bone
By comparing the lists of ranked differentially expressed genes from each of the four initial groupings, we were able to identify a group of differentially expressed genes that was more likely to be associated with the OA disease process. This group of genes was assembled by filtering out genes that were similarly regulated between OA-control and OP-control samples in order to remove genes that were more likely to be differentially expressed because of potential differences caused by sourcing bone at surgery versus autopsy. Because there were also very few significant differences in gene expression between the male and female OA-control groups, these data were combined because it strengthened the statistical significance of the genes identified as differentially expressed. Using these selection processes, several hundred genes from each initial grouping was reduced to a list of 150 differentially expressed genes in OA bone with t scores above 4.
Gene function and pathway analyses were carried out by searching the National Centre for Biotechnology Information database [52] and by using various analysis programs including OntoExpress [53] and Gostat [54] . We were able to identify a group of 62 top-ranking OA differentially expressed genes from within the initial list of 150 genes, which have known or suspected roles (direct or indirect via angiogenesis) in influencing bone development or bone remodelling (Table  3 ). For many of the genes both osteogenic and angiogenic roles have been described. In addition, a subset of these genes, particularly those that encode secreted, cell surface and extracellular matrix molecules, also have potential chondrogenic functions, consistent with the proposal that an altered OA subchondral bone microenvironment could interfere with cartilage metabolism. confirm a selection of the differentially expressed genes identified by the microarray analysis of OA, control and OP bone. The real-time PCR results (depicted as fold differential expression) are shown alongside the microarray results in Table 3 . In total, the differential expression levels of 20 genes were examined using real-time PCR. Results for 16 genes reached statistical significance (P < 0.01) for differential expression between OA and control bone. The differential expression of four genes (TGFBI, S100A6, SLC14A1 and SNX9) could not be confirmed. The female control samples 1-8 (age range 56 to 85 years, mean [ ± SD] age 70.5 ± 10 years) and female OA samples 12-19 (age range 56 to 83 years; mean age 73 ± 10.8 years) were used to confirm the microarray data by real-time PCR (Table 1 ). The mean age of the OA group did not differ significantly from that in the control group. Interestingly, although the microarray expression ratios were quite small (ranging from 0.62-fold change to 1.47-fold change in expression), the fold difference in expression identified using the real-time PCR reactions was significantly greater in most cases (ranging from 0.08-fold change to 2.6-fold change in expression). This probably reflects differences in sensitivity between the two techniques [55, 56] . The difference is probably also accentuated by the competitive pairwise comparison of samples used by the microarray platform in this study compared with the individual gene/GAPDH C T expression ratio values generated using real-time PCR. Encouragingly, there was a high confirmation rate with the real-time PCR and consistency between the microarray and PCR detection of expression ratio differences for each of the genes analyzed, suggesting that the majority of the genes identified by the microarray are bona fide differentially expressed genes in OA bone.
Altered expression of WNT and TGF-β/BMP signalling pathway component and target genes in OA bone
A significant number of the top-ranking differentially expressed genes in OA bone were identified as WNT signalling pathway targets (Table 3 ). WNT targets included upregulated genes Bayesian statistical analysis of differentially expressed genes using LIMMA Bayesian statistical analysis of differentially expressed genes using LIMMA. Log odds (LOD) score versus log 2 fold change volcano plots of differentially expressed genes from each of the four groups of sample pair comparisons. CTL, control; LIMMA, linear models for microarray analysis; OA, osteoarthritis; OP, osteoporosis. 4. The differences in expression of this group of genes (t scores above 3) in general were not as pronounced as that seen for the target genes identified from within the top-ranking 150 genes.
In addition, a significant number of TGF-β/BMP signalling pathway target genes were identified as being differentially expressed in OA bone (Table 3) . TGF-β/BMP signalling pathway targets included downregulated genes such as ADAMTS4, ADM, GADD45B, MEPE and COL4A1. The altered expression of these genes also suggests that TGF-β/ BMP signalling may be perturbed in the OA bone microenvironment. Additional evidence for this was that genes for TGF-β/BMP signalling pathway components and modulators, such as TGFB1, BMP5, INHBA, SMAD3 and FST, were also identified in the extended list of differentially expressed genes in OA bone. These genes, and additional TGF-β/BMP target genes identified, such as COL1A2, GSN, DMP1 and ITGB2, are listed in Table 4 . The differences in expression of this group of genes (t scores above 3) was not as pronounced as the target genes identified from within the top-ranking 150 genes.
Like the top-ranking list of 150 differentially expressed genes in OA bone, many of the WNT and TGF-β/BMP signalling pathway related genes identified in Table 4 The differential expression of a selection of these WNT and TGF-β/BMP signalling pathway component and target genes was confirmed by real-time PCR. In total, the differential expression of 11 genes was examined by real-time PCR (Table  4 ). The differential expression of two genes (LRP1 and IGFBP7) could not be confirmed. However, results for the other nine genes reached statistical significance (P < 0.01) for differential expression between OA and control bone. CTNNB1 was assayed directly by real-time PCR because it was not represented on the Compugen H19K library. Seven of the remaining nine genes (with FST and RUNX2 being the exceptions) were represented in the top-ranking 300 genes differentially regulated in OA bone. These genes were tested, like those listed in Table 3 , using female control samples 1 to 8 and female OA samples 12 to 19 ( Table 1 ). The range of fold difference in expression identified by the real-time PCR reactions was slightly smaller (ranging from 0.3-fold change to 3.47-fold change in expression) than for the group of genes tested from the top ranking 150 genes in Table 3 .
Identification of differentially expressed OA genes between females and males
There is a higher incidence of primary hip OA in females than in males [1] , and we were interested in identifying differences in gene expression between females and males that may contribute to this disparity. Therefore, we tested for differences between the OA-control female and male microarray datasets. Genes with the greatest difference in expression between females and males in the OA-control microarray comparisons are listed in Table 5 . There were very few significant differences in gene expression between females and males. However, approximately 50 genes with t scores above 3, which included the top-ranking 20 genes with t scores above 4, were identified as being differentially expressed between females and males. Interestingly, a significant proportion of these genes have known or suspected roles in osteoclast-lineage cells and osteoclasts (GSN, PTK9, VCAM1, ITGB2, GRN, ANXA2, PDE4A and FOXP1). There are also genes with known roles in osteoblasts (LTF, DF, PRKCG and TGFB1). A number of the highest ranking differentially expressed genes between females and males in OA bone also involve WNT signalling pathway components, including WNT5B, along with the EAF2 and CTBP2 genes, which encode transcription factors that are involved in mediating WNT signalling.
The differential expressions of WNT5B and ITGB2 (along with MMP25) between females and males in OA bone were confirmed by real-time PCR (Figure 2 ). MMP25 was not originally identified as being differentially expressed between females and males in OA bone by microarray analysis. WNT5B, ITGB2 and MMP25 were all found to be differentially expressed only in females, and not in males, between OA and control bone. The OA/control ratios of expression for the WNT5B gene were 2.52 in female samples (P < 0.01) and 0.92 in male samples (P = 0.7486); those for the ITGB2 gene were 2.95 (P < 0.01) and 1.35 (P = 0.1173), respectively; and those for the MMP25 gene were 2.60 (P < 0.01) and 1.01 (P = 0.4748), respectively. There was also a significant difference in the total expression levels of these three genes between females and males, being approximately 6-fold, 14- Table 1 ). The mean ages of the female and male OA groups did not significantly differ from those of the control groups. Of the other 13 genes examined by PCR, only SMAD3 had significant differences in total expression levels between males and females, being approximately 2-fold higher in males than in females (Figure 2 ). However, SMAD3 was similarly differentially regulated between OA and control bone in both females and males (ratio of OA/ control: 2.64 in females [P < 0.01] and 2.08 in males [P < 0.01]).
Discussion
In this study we identified altered expression of WNT and TGF-β/BMP signalling pathway component and target genes in OA bone distal to the disease site (from the IT region of the proximal femur). This was accomplished by using microarray analysis to compare gene expression in bone from individuals with end-stage OA disease and individuals without obvious OA (control or OP). The genes identified include those with known or suspected roles in osteoblast, osteocyte and osteoclast differentiation and function, as well as angiogenesis, suggesting perturbation of these processes and a role for altered bone remodelling in OA pathogenesis.
The trabecular bone sampled in this study included all of the cellular elements of bone, including the bone marrow. This has provided a 'snapshot' of the gene expression in OA bone, with contributions from all of the different cells in the bone microenvironment. Although the specific cell type(s) contributing to the altered gene expression cannot readily be identified, osteoblasts and osteocytes, which represent the most abundant cells in the trabecular bone [57] , would be expected to contribute significantly to the altered gene expression measured. In addition, because we have analyzed bone from endstage OA, it is difficult to determine unequivocally that the altered gene expression detected in the OA bone is causal or
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secondary to the disease. However, by sampling the IT region we have avoided secondary pathogenic changes that the subchondral bone undergoes at the joint as the disease progresses (such as sclerosis, osteophytes and cysts), which could confound identification of altered gene expression potentially responsible for the underlying subchondral bone remodelling. Therefore, we suggest that the altered gene expression identified in the IT region from OA bone may be informative about underlying systemic OA disease mechanisms that also operate at the joint in the subchondral bone. 'Role' indicates the known or suspected role of the gene: A, angiogenic; B, osteogenic; and C, chondrogenic. 'Cell type' indicates the cell type that the gene is expressed in or affects: OB, osteoblast, OC, osteoclast, OS, osteocyte, or CB, chondroblast. 't OAF/OAM' is the t score of osteoarthritis (OA) female compared with OA male differential expression of gene: a postive value indicates upregulation in OA female and a negative one indicates downregulation in OA female. 't OA/CTL' is the t score of OA compared with CTL differential expression of gene: a positive value indicates upregulation in OA and a negative one indicates downregulation in OA. 't OA/OP' is the t score of OA compared with osteoporosis (OP) differential expression of gene: a positive value indicates upregulation in OA and a negative one indicates downregulation in OA. The moderated t-statistic score is based on the ratio of the log 2 fold change to its standard error.
The first main finding of this study is that many of the top-ranking differentially expressed genes in OA bone (Table 3) have known or suspected roles in osteoblast and osteocyte differentiation and function. (Also see Table 6 for descriptions of the functions of selected genes: MEPE, IBSP, MT2A, ADM, STC1, IGFBP3, GADD45B, ADAMTS4, S100A4 and MMP25.) Significantly, the changes in expression of these genes as a group suggest altered osteoblast and osteocyte activity in OA bone, which is consistent with increased bone volume fraction and under-mineralization previously reported in OA bone [3, 4, 11, [22] [23] [24] [25] . For instance, MEPE (matrix extracellular phosphoglycoprotein), which is highly expressed in osteoblasts and osteocytes, appears to be an important regulator of bone formation and mineralization. Targeted disruption of MEPE has been found to result in increased bone formation and bone mass [58] . MEPE was found to be downregulated in OA bone, which is consistent with the increased trabecular bone volume in OA. MMP25 (upregulated in OA bone) encodes a metalloproteinase that plays a role in MMP2 activation [59] , and MMP2 is a major effector in osteocytes, with MMP2 -/-mice exhibiting disrupted osteocytic networks and altered bone remodelling and mineralization [60] . The MMP2 -/-mice have a complex bone phenotype that includes reduced bone volume in the long bones. Upregulation of MMP25 in OA bone is consistent with increased activity of MMP2 and increased bone volume.
Interestingly, and in contrast to the large number of differentially expressed genes identified in OA bone with osteoblastrelated and osteocyte-related roles, a substantial group of topranking differentially expressed genes identified in OP bone (data not shown) have known or suspected roles in osteoclastlineage cells. The change in expression of these genes as a group is consistent with increased osteoclast numbers, activity and bone resorption, leading to the reduction of bone volume seen in OP. There was also a group of differentially expressed genes identified in OA bone that have known or potential roles in osteoclast function (Tables 3 to 5 ). However, the overall change in expression of these genes, as a group, was not as consistent as for those genes identified with osteoblast-related functions. For instance, the change in expression of a subset of these genes (ADAMTS4, GADD45B, IGFBP3 and CSTA) is consistent with decreased osteoclast activity and increased bone volume in OA, whereas the change in expression of another subset of these osteoclastrelated genes (ADAM8, STC1, CCR2, RAC2, CRYAB, CYP1B, CD14, PTEN, ANXA2 and GSN) suggests upregulated osteoclast activity (Table 6 ). It is now becoming clear that, in addition to osteoblasts being intimately involved in influencing osteoclast-lineage cell differentiation and function [61] , the converse may also be true [62, 63] . As a result, perturbed osteoblast or osteoclast gene expression could lead to complex changes in communication between these bone cell types and their remodelling behaviour in OA bone. Therefore, differential expression of a subset of the osteoclast-related genes, suggesting upregulated osteoclast activity, is consistent with the increased levels of bone remodelling seen in OA bone and perhaps a net gain of under-mineralized bone rather than the net loss of bone volume seen in OP.
Important inter-relationships between bone remodelling and angiogenesis are also now emerging, and so perturbations to angiogenic molecular pathways could contribute to the changes seen in OA bone. Consistent with a role for increased angiogenesis in OA bone, leading to increased bone volume and potentially turnover, is the upregulation of a group of top- PCR analysis of WNT5B, ITGB2, MMP25 and SMAD3 expression between females and males in OA bone PCR analysis of WNT5B, ITGB2, MMP25 and SMAD3 expression between females and males in OA bone. For each gene, a graph depicts relative real-time PCR product/GAPDH cycle threshold (C T ) ratios generated from osteoarthritis (OA) and control (CTL) female and male intertrochanteric bone samples analyzed. The mean of eight samples for each sample group analyzed is represented by black diamonds (mean values given alongside). Asterisks signify statistical significance (P < 0.01) for differential gene expression between OA and CTL bone. F, female; M, male. 
RAC2
Member of the Rho-GTPase subfamily. Involved in organisation of cytoskeleton and adhesion of osteoclasts to bone [105] CD14 Monocyte/osteoclast precursor marker. CD14-deficient mice have increased bone mass [106, 107] 
ANXA2
Stimulates osteoclast precursor proliferation and differentiation through production of granulocyte-macrophage colony-stimulating factor (GMCSF) and receptor activator of nuclear factor-kB ligand (RANKL) [108] GSN Gelsolin deficiency in mice blocks podosome assembly in osteoclasts and produces increased bone mass [109] 
ITGB2
Adhesion molecule important in cell-to-cell contacts during the early stage of osteoclast development [110, 111] Bone remodeling, osteoclast: downregulated in OA bone
IGFBP3
Over-expression of IGFBP3 in mice increases osteoclast number and bone resorption [97] 
STC1
Stanniocalcin suppresses osteoclast activity [96] PTEN Over-expression of PTEN suppresses RANKL-stimulated signal transduction during osteoclast differentiation [112] 
FOXP1
Transcriptional repressor that has role in modulating monocyte differentiation [113] PDE4A Down-regulated during monocyte to macrophage/osteoclast differentiation [114] WNT pathway components and modulators: upregulated in OA bone
WNT5B
WNT ligand with roles in osteoblastogenic and chondrogenic differentiation [68, 69, 70] 
CTNNB1
Mice lacking b-catenin in osteoblasts develop severe osteopenia with increased osteoclastogenesis and impaired osteoblastogenesis [115] 
AKT3
Member of the AKT kinase family. Role in regulating osteoblast lifespan [116, 117] 
NHERF1
Mediates parathyroid hormone receptor signalling. Interacts with b-catenin, potentiating the effects of parathyroid hormone (PTH) on WNT signalling in bone. [118, 119] ranking differentially expressed genes with recognized proangiogenic functions (MMP25, S100A4, FOSB, TFF3, CTSG and LTB) and downregulation of a group of genes that negatively influence angiogenesis (HIG2, ADAMTS4, ANGPTL4, STC1, KLF6, IGFBP3, TIMP4 and GDF15).
In addition, a subset of the genes with roles in osteoblasts, particularly those that encode secreted, cell surface and extracellular matrix molecules, including ADM, IBSP, MMP25, STC1, IGFBP3, WNT5B, FST, TGFB1, BMP5 and INHBA, also have potential chondrogenic functions. Altered expression of many of these genes is consistent with the proposal that similar altered expression of these genes in osteoblasts in the subchondral bone microenvironment could interfere with chondrocyte or cartilage metabolism. For instance, ADM, which is downregulated in OA bone has a pro-chondrogenic role [64] . Reduced levels of ADM could negatively affect chondrocyte/cartilage metabolism.
The second significant and connected observation from this study was that many of the top-ranking differentially expressed genes identified in OA bone (with osteoblast, osteocyte and osteoclast related roles) were WNT or TGF-β/BMP signalling pathway target genes. This observation, on closer examination of the ranked list of differentially expressed in OA bone, led to the identification of additional sets of differentially expressed genes that were WNT or TGF-β/BMP signalling pathway component or modulator genes. These data together suggest that the WNT and TGF-β/BMP signalling pathways are altered in OA bone and may play a role(s) in OA pathogenesis. Both the WNT and TGF-β/BMP signalling pathways have been implicated in influencing bone mass and bone remodelling [32] [33] [34] and have been demonstrated to do this by controlling both osteoblast and osteoclast differentiation and function [65] [66] [67] .
WNT signalling, in terms of bone mass and bone remodelling, is a very complex process that depends on the interplay of a large number of WNT ligands, the receptors they complex with, prevailing antagonists and particular combinations of β-catenin/transcription factor complexes that ultimately control the expression of the target genes. Interestingly, the only gene encoding a WNT ligand, WNT5B, that was identified as being differentially expressed (upregulated in OA bone) in the present study was recently demonstrated to increase in expression during in vitro osteoblast differentiation [68] . The protein encoded by WNT5B is known to have both stimulatory and inhibitory effects on bone and cartilage cells, and signals through both the canonical and noncanonical WNT signalling pathways, depending on the receptor it complexes with at the cell surface [68] [69] [70] . Along with WNT5B, there were also several other important WNT pathway related genes that were altered in their expression in OA bone. 
SMAD3
Important mediator of TGF-β signalling and regulator of osteoblastogenesis and bone formation [80, 82] 
ID1
Transcription factor with roles in bone formation and osteoblast proliferation and differentiation [123] RUNX2 Key transcription factor involved in promoting osteoblast differentiation [76] TGF-β/BMP pathway components and modulators: downregulated in OA bone
TGFB1
Growth factor with key role in regulating bone development and metabolism [34, 80] INHBA TGF-β family member. Can act as either inhibitor or activator of bone formation and osteoblast differentiation [124, 125] 
BMP5
Secreted signalling molecule involved in skeletal development and genetically implicated in OA [29] FST TGF-β/BMP antagonist that inhibits osteoblast differentiation [126] (Table 6) .
Like WNT signalling, TGF-β/BMP signalling is similarly complex, with a large family of ligands, cognate receptors and intracellular signalling molecules involved in the pathway, exerting both stimulatory and inhibitory effects on bone remodelling. Several TGF-β/BMP signalling pathway component and modulator genes that influence osteoblast function, bone remodelling and bone mineralization were identified as altered in OA bone. These included TGFB1, INHBA, ACVR1, BMP5, FST and SMAD3 (Table 6 ).
There is significant crosstalk between the WNT and TGF-β/ BMP signalling pathways. β-Catenin, SMAD3 and runt-related transcription factor (RUNX)2 potentially play important roles in mediating the crosstalk between the WNT and TGF-β/BMP signalling pathways via direct interactions and in complexes with the TCF/LEF transcription factor family members in the nucleus [72] [73] [74] [75] . We observed increased RUNX2 expression in OA bone in this study, which is consistent with increased osteoblast differentiation and activity in OA bone. RUNX2, which is a WNT inducible gene, encodes a transcription factor that plays roles in mediating both WNT and TGF-β/BMP signalling, and is essential for osteoblast differentiation and skeletal development [66, [75] [76] [77] . Intriguingly, decreased expression of RUNX2 has been shown to reduce cartilage destruction and subchondral bone changes in a mouse joint instability OA model [78] , suggesting a role for increased RUNX2 expression in OA pathogenesis. An important role for RUNX2 in OA pathogenesis is supported by our microarray data. The products of several of the top-ranking differentially expressed genes identified, such as TWIST1 (twist homologue 1) [79] , FOXF1 (forkhead box F1), ID1 (inhibitor of DNA binding 1), HDAC4 (histone deacetylase 4) and SMAD3, modify RUNX2 expression or interact with and modify RUNX2 function. SMAD3 is an important mediator of TGF-β regulation of bone mechanical properties and composition [80] . TGF-β represses RUNX2, and one of the ways it does this is through recruitment of the histone deacetylase HDAC4 by SMAD3 [81] . However, SMAD3 over-expression (SMAD3 was upregulated in OA bone in the present study) has also been reported to induce RUNX2 expression and osteoblast differentiation [82] . Significantly, several of the highest ranking differentially expressed genes identified in this study in OA bone are targets of RUNX2 and SMAD3, such as GADD45B [83] , ADAMTS4 [84] and MEPE [82] .
Finally, the molecular mechanisms that are responsible for the greater incidence of OA in females are not known. Genes may operate differently in the two sexes, at different body sites and on different disease features within body sites [27] . Interestingly, of the relatively small number of differences between females and males in OA bone identified in this study, there were significant numbers of genes that were involved in both osteoclast (for example, ANXA2, GSN, ITGB2, FOXP1 and PDE4A) and osteoblast (LTF, DF and TGFB1) function and hence bone remodelling (Tables 5 and 6 ). Collectively, the differential expression of these genes is consistent with increased bone turnover in OA females compared with males, suggesting an OA disease mechanism and perhaps partly accounting for a greater incidence of OA in females than in males.
A number of the highest ranking differentially expressed genes between OA females and males include WNT signalling pathway components such as WNT5B and the transcription factor genes EAF2 and CTBP2. In addition MMP25 and ITGB2 are WNT target genes, suggesting a difference between females and males in WNT signalling that may have an impact on the OA bone microenvironment. There is also evidence of crosstalk between WNT and oestrogen signalling pathways via functional interaction between β-catenin and oestrogen receptor-α [85] . A number of the genes identified in our study, including WNT5B, ITGB2, GSN, VCAM1, LTF and DF, are affected by oestrogen, potentially providing a mechanism by which they are differentially expressed in females compared with males. Examples of sexual dimorphism in mammalian gene expression related to different responses to disease by females and males are beginning to be identified [86] . The differences in expression levels of WNT5B, ITGB2 and MMP25 detected between females and males in OA bone is of interest and marks these genes as good candidates for further investigation into the sex disparity in OA.
In this study we observed small gene expression ratios in both microarray and real-time PCR analyses. These are probably contributed by the complex mix of cells being assayed, along with the subtle changes to bone that are observed in OA distal to the affected joint, and the often slow, age-dependent onset of the disease. Furthermore, OA is a multifactorial, multigene disorder (and perhaps even a heterogenous group of disorders that lead to similar bone changes, cartilage degeneration and ultimately loss of joint function). Therefore, it is to be expected that many genes and small changes in the expression of these genes would be involved in OA pathogenesis. Microarray analysis is able to reliably detect small (<2-fold) changes that prove to be biologically relevant [87] , and in our study we were able to confirm the large majority of the differentially expressed genes by real-time PCR analysis. Furthermore, the power of the microarray analysis approach lies in its ability to detect genome-wide, coordinated, or similarly regulated differential gene expression, pointing to perturbed signalling pathways and importantly downstream molecular processes. Our study has identified such relationships between commonly regulated target genes (via WNT and TGF-β/BMP signalling pathways) that play roles, in partic-ular, in osteoblasts, osteocytes and osteoclasts, potentially influencing bone formation, mineralization and remodelling.
Conclusion
In conclusion, we identified altered gene expression in bone from individuals with primary hip OA at a site distal to the diseased joint. This information is of interest because it identifies genes that potentially play roles in systemic physiological bone turnover or in skeletal disease processes, and implicate altered WNT and TGF-β/BMP signalling in OA pathogenesis. Further work sampling from individuals with early OA will be required to determine whether the genes identified as differentially expressed in OA bone are causal or secondary to the altered bone seen in OA.
